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Abstract

Shape morphing of stimuli-responsive composite hydrogels has received considerable attention
in different research fields. Although various multilayer structures with dissimilar materials
have been studied to achieve shape morphing, combining swellable hydrogel layers with non-
swellable layers results in issues with interface adhesion and structural integrity. In this study,
single-hydrogel-based bilayer actuators comprising poly(N-isopropylacrylamide) (PNIPAM)
matrices and graphene oxide (GO)-PNIPAM hinges are presented. Upon temperature rising,
the PNIPAM hydrogel acts as the passive layer due to the formation of dense microstructures
near the surface (i.e., the skin layer effect), whereas the GO-PNIPAM hydrogel functions as the
active layer, maintaining porous due to structural modification by the presence of GO. Under

light exposure, the GO-PNIPAM hinges experience selective heating due to the photothermal
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effect of GO. Consequently, the resulting bilayer structures exhibit programmable dual-
responsive 3D shape morphing. Additionally, the folding kinetics of these actuators can be
adjusted based on the applied stimulus (temperature changes or light), as they are driven by
different mechanisms, the skin layer or photothermal effects, respectively. Furthermore,
the hinge-based bilayer structures demonstrate walking and steering locomotion by light
exposure. This approach could lead to advances in soft robotics, biomimetic systems, and

autonomous soft actuators in hydrogel-based systems.

1. Introduction

Shape-morphing polymeric materials have gained long-term interest in different
research fields owing to their promising applications in soft actuators, deployable devices,
biomimetic systems, and so on.!'">) Among the various polymeric materials, stimuli-responsive

6.7} and volumetric changes

hydrogels offer numerous advantages due to their biocompatibility
by external stimuli such as temperature,® pH,"! ionic strength,!' and biomolecules.!'!! For
instance, crosslinked poly(N-isopropylacrylamide) (PNIPAM) is one of the most widely used
temperature-responsive hydrogels with a low critical solution temperature (LCST) in a range
from 30 to 50 °C depending on end group polarity and molecular weight.['> PNIPAM hydrogels
exhibit a reversible volumetric expansion (i.e., swelling) to contraction (i.e., deswelling) when
heated through its LCST.!'3] Although immense studies have been reported using the
crosslinked PNIPAM hydrogels, their isotropic volume changes and relatively slow swelling
kinetics limit their 3D shape transformation and practical applications, respectively.['* 13 To
address these limitations, various photothermal additives have been introduced within the
PNIPAM matrix such as carbon nanotubes,!'® 17! iron oxide nanoparticles (IONP),!!% 1°] gold
nanoparticles (AuNP),[ 21l and graphene oxide (GO) sheets.!*> 23! Since these photothermal

materials convert light to heat, they can trigger the deswelling of the PNIPAM hydrogels by a

photothermal-driven internal temperature rise (> LCST) and offer a faster response rate due to
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a faster heat conduction.”* 231 Among these materials, GO offers unique aspects as the oxygen-
containing groups and residual C=C double bonds can interact with PNIPAM networks through

26, 271 Therefore, incorporating GO affects the

hydrogen and covalent bonds, respectively.!
internal structure, mechanical property, and responsiveness of PNIPAM hydrogels.?® %) For

example, PNIPAM hydrogels with uniformly distributed GO demonstrated reversible shape

[30 [22]

deformation under near-infrared (NIR) light as a microvalve,?” and an electrical switch.
However, such isotropic volume changes are limited to form out-of-plane shape deformation
of the composite hydrogel systems.

The 3D shape-morphing of the composite hydrogels can be achieved by the non-uniform
volume changes which are introduced by assemblies of dissimilar materials or structural
modification.!® 3! Specifically, GO-PNIPAM composite hydrogels have shown 3D shape
transformation via various methods. For example, Ma et al. reported a highly bendable photo-
actuator due to the mismatch in the volume change between the active GO-PNIPAM hydrogel
layer and the passive polyacrylamide-based layer by a supramolecule glue due to the host-guest
interaction.*?! Zhao et al. reported a photo-actuator by local infiltration of GO into PNIPAM
hydrogel matrix with a pore size gradient along the thickness direction through hydrothermal
reaction.!*3] However, the infiltration of GO did not affect the predetermined gradient of pore
size. As a result, when exposed to light, the GO-PNIPAM hydrogel folded towards the surface
with a larger pore size. Moreover, the degree of folding was determined by the illumination
time and was unrelated to the geometry of GO infiltration. This lack of programmability of
hydrogel actuators limits the accessible folding angle at equilibrium and the ability to achieve
multi-directional folding. Therefore, further study of programmable 3D shape morphing and
actuation utilizing a single-hydrogel-based system is necessary.

Skin layer effect of PNIPAM is the formation of a dense outermost PNIPAM network

(i.e., skin layer), which is induced due to the deswelling of PNIPAM hydrogels when the

temperature abruptly rises above LCST.[** 3] Such a dense network prevents the outward water
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flux, thereby significantly reducing the deswelling ratio of PNIPAM hydrogels.l*8! To avoid the
formation of skin layers, previous studies have used grafted polymer chains or copolymer
synthesis to prevent the formation of skin layers.*”- 38 Recently, we have found that the addition
of GO in PNIPAM hydrogels could control the formation of skin layer of PNIPAM upon
temperature rising above LCST, thus leading to the different deswelling behaviors of GO-
PNIPAM with different GO concentrations.!*”) While tunable deformation has been achieved
using PNIPAM hydrogel sheets with various GO concentrations, this shape morphing has been
limited to simple bending deformation, and the potential of the skin layer effect has not been
fully exploited. Therefore, it is necessary to explore the utilization of the skin layer effect to
achieve complex shape deformation in the hydrogel actuators.

Here, we demonstrate a single-hydrogel-based bilayer self-folding actuator without
assemblies of dissimilar layers or structural modification. Utilizing the tunable deswelling
degree of PNIPAM due to the presence of GO, we program a reversible 3D shape morphing of
the PNIPAM hydrogel-based system by integrating GO-PNIPAM hinges into a PNIPAM
matrix. The hinge-based bilayer structures can undergo self-folding deformations by
temperature change and light exposure. Their degree of folding (e.g., folding angle) can be
controlled by the hinge width in geometrical design, or the incident angle of light during
photothermal-driven actuation. Light exposure results in faster folding kinetics of the hinge-
based bilayer structures than temperature change due to absent formation of skin layers and a
faster internal temperature rise. The hinge-based bilayer structures with specific structural
designs exhibit reversible locomotion such as walking and steering from the selective actuation
by light. This study shows the potential promise of single-hydrogel-based systems in the fields

of smart soft robotics, programmable actuators, and biomedical devices.

2. Result and Discussion



WILEY-VCH

2.1 Adhesion mechanism of hinge-based bilayer structures. To fabricate the hinge-based
bilayer structures, we utilized a layer-by-layer method by free radical polymerization (see
Experimental Section for fabrication details and Figure 1a). First, GO-PNIPAM pregel solution
was injected into the mold and cured (Figure 1a, i and Figure 1b, 1). During the partial curing
process, NIPAM monomers in GO-PNIPAM pre-gel solution were partially polymerized and
crosslinked, which left free radicals on the polymer chains (Figure 1la, ii and Figure 1b, ii).
PNIPAM pre-gel solution was subsequently injected into the mold, then polymerized and
crosslinked within the GO-PNIPAM networks (Figure la, iii and Figure 1b, iii). The
polymerization within both layers was completed since most free radicals were consumed

(Figure 1a, iv and Figure 1b, iv ).

2.2 Stimuli-responsive folding deformation of the hinge-based bilayer structures. We first
characterized the temperature-responsive behaviors of the GO-PNIPAM hinge and the
PNIPAM matrix by calculating their linear swelling or deswelling ratios (Ar) where At is
defined as D1/Do, Dr is the measured diameter at T °C and Dy is the as-prepared diameter (see
Experimental Section for characterization details). The corresponding temperatures for
measuring the linear swelling ratio (1,3) and linear deswelling ratio (A3g) were set to 23 °C
(room temperature) and 38 °C (> LCST) in the water bath, respectively. At the swelled state,
both PNIPAM hydrogel and GO-PNIPAM composite hydrogel have porous structures and
absorb water (Figure 2a). Therefore, 1,5 for PNIPAM hydrogels and GO-PNIPAM composite
hydrogels are 1.26 + 0.03 and 1.09 £ 0.03, respectively (Figure S1a, Supporting Information),
since the linear swelling ratio of hydrogels decreases with an increase in the crosslinking
density.??! At the deswelled state, 135 of PNIPAM hydrogel and GO-PNIPAM composite
hydrogel are 1.09 = 0.02 and 0.59 + 0.03 (Figure S1a, Supporting Information), respectively.
The deswelling ratio difference at 38 °C between the GO-PNIPAM hinge and the PNIPAM

matrix is about 60% which can induce anisotropic volume changes within the hinge-based
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bilayer structure by external stimuli (Figure 2b, i). Our group previously reported this
phenomenon that the outermost networks of PNIPAM hydrogels collapsed and formed a non-
porous layer upon deswelling, which significantly blocks the outward water flux (Figure 2b, ii),
whereas the GO-loaded PNIPAM networks could prevent the formation of the dense outermost
layer (Figure 2b, iii).**! Tensile tests were carried out to further study the effect of GO on the
mechanical property of GO-PNIPAM composite hydrogels. From the stress-strain curves, the
estimated Young’s modulus for PNIPAM and GO-PNIPAM are 8 kPa and 40 kPa, respectively
(Figure S1b, Supporting Information). Owing to the increasing crosslinking density through the
hydrogen bonding between GO and PNIPAM networks,**! and the rigid nature of GO (Young’s
modulus of ~400 GPa),!*!! GO-PNIPAM composite hydrogel exhibits higher Young’s modulus

than PNIPAM hydrogel.

To investigate the structural difference between the GO-PNIPAM hinge and the
PNIPAM matrix, we characterized the internal microstructure of freeze-dried bilayer structures
by scanning electron microscopy (SEM). The distinct microstructures of the GO-PNIPAM
hinge and the PNIPAM matrix were continuously conjunct which indicated the formation of
interpenetrating PNIPAM networks (Figure 2¢). Such interpenetrated networks contribute to
the covalent interfacial adhesion between the GO-PNIPAM hinge and the PNIPAM matrix. The
pore size difference between the surface of GO-PNIPAM hinge (2.8 £ 2.2 pm in diameter) and
the surface of PNIPAM matrix (9.2 + 2.3 um in diameter) indicates the effect of GO on the
PNIPAM crosslinking density (Figure S2, Supporting Information). The internal pore size
becomes smaller in the GO-PNIPAM hinge due to the hydrogen bonding between GO sheets
and the PNIPAM networks, thus increasing the crosslinking density within the hinge compared
to the PNIPAM matrix.[*!> "1 Such continuous networks are maintained at the deswelled state,
which indicates a stable adhesion upon deformation (Figure 2d). Moreover, the pore size

difference between the surface of GO-PNIPAM hinge (1.1 £ 0.6 um in diameter) and the
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surface of PNIPAM matrix (non-porous) agrees with the formation of the skin layer on the
surface of PNIPAM matrix (Figure S3, Supporting Information). We further obtain SEM
images of the cross-sectional view of PNIPAM and GO-PNIPAM hydrogels. The dense skin
layer of PNIPAM is about 5 pm thick which can significantly suppress outward water diffusion
(Figure 2e). The surface of GO-PNIPAM hydrogel maintains porous which allows water to
diffuse out from GO-PNIPAM hydrogel, thus resulting in a much smaller Azg (Figure 2f).
Interestingly, the surface pore size of GO-PNIPAM at the deswelled state is larger than other
pores inside. We believe the cooling of GO-PNIPAM hydrogels in liquid nitrogen during SEM
sample preparation causes the swelling of the GO-PNIPAM surface before the structure is
frozen. Hence, utilizing such phenomena in this work, PNIPAM served as a “non-shrinkable”
passive layer and GO-PNIPAM served as an active layer to generate volume change upon

temperature increase above LCST.[4 4]

Next, we systematically assessed the effect of GO-PNIPAM hinge width w on the
degree of folding (i.e., folding angle, ) of the hinge-based bilayer structures upon heating or
light exposure, since the larger volume shrinkage (i.e., smaller deswelling ratio) of the GO-
PNIPAM hinge than the PNIPAM matrix induced the out-of-plane deformation toward the
hinge direction. A series of bilayer samples were cut into 25 mm x 5 mm with a thickness of 1
mm with prescribed w ranging from 0.5 to 5 mm at the as-prepared state. With an increasing w
until 3 mm, @ continuously increased until the bilayer structures reached a completely folded
state (0 = 180°) when the temperature was changed from 23 °C to 38 °C abruptly (Figure 3a).
It depicts the linear dependence of 8 on w while fixing all other parameters. Furthermore, the
hinge-based bilayer structure exhibited reversible self-folding deformation by repeatedly
immersing in the water bath at 23 °C to 38 °C 5 times (Figure S4, Supporting Information). In
addition to temperature change, the UV light can induce an internal temperature rise (~ 43 °C)

in the GO-PNIPAM hinge due to the photothermal property of GO thus triggering deswelling
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of GO-PNIPAM hinges (Figure S5, Supporting Information). By simply varying the hinge
width from 0.5 to 5 mm, 8 can precisely be controlled from 30° to 180° (Figure 3b). Note that
the folding deformation upon light exposure also saturates after reaching 8 = 180° when w is

above 3 mm. This result exhibits a similar trend to the temperature actuation in Figure 3a.

The hinge-based bilayer structure in Figure 2b shows the width-dependent radius of

curvature R of GO-PNIPAM/PNIPAM bilayer bending, which can be analytically predicted by

the modified Timoshenko bimorph beam theory!** 4°:

_ (hG+hp)(8(1+m)2+(1+mn)(m2+%)

R = ; (1

6&(1+m)?2

Where m = hp/hg is the thickness ratio of the PNIPAM matrix (hp) to the GO-PNIPAM
hinge (hg), n = Ep/E; is the ratio of elastic modulus of the PNIPAM matrix (Ep) to the GO-
PNIPAM hinge (E;) which is obtained from Figure 2a, and ¢ is the difference in actuation strain

between the two layers (Table S1). Here the actuation strain is calculated by the mismatch of

the linear deswelling ratio at 38 °C between the PNIPAM matrix (A3g p) and the GO-PNIPAM

hinge (138,6):
€ =& —& = (1—12386) = (1 —13gp). 2)
The theoretical folding angle, 6 is calculated by the radius of the curvature as 6 = 1i(;w (3). The

experimental data is in good agreement with the theoretical calculations by a linear relationship
(Figure 3a and b). This result supports that the degree of folding of the hinge-based bilayer

structure can be systematically programmed by varying the widths of GO-PNIPAM hinges.

2.3 Self-folding kinetics of the hinge-based bilayer structures by temperature change and
light exposure. To characterize the self-folding kinetics under heating and light exposure, five
hinge-based bilayer structures with a hinge width of 5 mm were prepared. Bilayer structures

reached a completely folded state after immersing in water at 38 °C for 1 hour (Figure 4a,
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Supplementary Movie 1). However, photothermal-driven actuation induced the complete
folding of bilayer structures in 3 minutes (Figure 4b, Supplementary Movie 2). The self-folding
kinetics of bilayer structures is presumably associated with multiple phenomena, also affected
by the intrinsic properties of PNIPAM networks and GO. Here, we hypothesize that the
difference in self-folding kinetics under heating and light exposure may be due to the following
reasons. First, photothermal-driven actuation by GO can readily lead to a higher temperature
than 38 °C in GO-PNPAM owing to the more effective heat conduction through GO and less
heat dissipation to the environment (Figure S5b).**! Second, upon abrupt heating, the PNIPAM
matrix forms a dense non-porous outermost layer to prevent the outward water flux which
results in a higher deswelling ratio (Figure S1a).*%! The formation of a non-porous layer at the
interfaces between the PNIPAM matrix and the GO-PNIPAM hinge can hinder the effective
water expel from the hinge while deswelling by abruptly transferring from room temperature
(23°C) water to hot water at 38 °C. On the other hand, light exposure selectively leads to the
deswelling of the GO-PNIPAM hinge therefore water can diffuse out from the hinge to the
matrix more effectively. Third, the temperature-triggered folding can require more bending
energy through the hinge-matrix bilayer since the Young’s modulus of deswelled PNIPAM is
typically one order of magnitude greater than swelled PNIPAM.*®! In contrast, the PNIPAM
matrix remains the swelled state upon photothermal-driven actuation thus this folding
deformation is energetically less expensive than temperature actuation when the hinge

undergoes a similar degree of deswelling.*]

Therefore, we anticipate that further
miniaturization of the bilayer can be the most effective approach to improve the folding kinetics
of hydrogel-based actuators, also changing the composition of the matrix material in order to
reduce the modulus or increase porosity can be an additional approach. Moreover, we compare
our GO-PNIPAM/PNIPAM bilayer actuator to PNIPAM/hydrogel bilayer actuators and
PNIPAM/non-hydrogel bilayer actuators (Table S2). Our GO-PNIPAM/PNIPAM bilayer

actuator has outstanding actuation amplitude and adequate actuation kinetics (0.06 s™)
9
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compared with PNIPAM/hydrogel bilayer actuators and PNIPAM/non-hydrogel bilayer
actuators. An outstanding actuation amplitude is owing to the relatively large actuation strain
and low Young’s modulus of both GO-PNIPAM and PNIPAM layers compared to
PNIPAM/hydrogel bilayer actuators and PNIPAM/non-hydrogel bilayer actuators, respectively.
While our GO-PNIPAM/PNIPAM bilayer actuator exhibits a slower actuation kinetic than

liquid crystal systems (0.1 — 10 s),148-50]

it is worth noting that liquid crystal systems typically
require higher phase transition temperatures (55 - 150 °C),'*!l which are significantly higher
than the LCST of PNIPAM (32 °C). Therefore, they are subject to energy transfer efficiency

and operation temperature which have greatly limited their biological applications.2->4

2.4 Programmable folding behaviors by self-shadowing effect. Next, we studied how 8 is
related to the direction of light irradiation by varying the angle of the light source relative to the
hinge-based bilayer structures. As the light was coming from the top of the hinge (90° tilted to
the ground), 8 was not able to reach 180° but oscillated about 120° (Figure 5a, Supplementary
Movie 3). During the light exposure, the GO-PNIPAM hinge was quickly shrunk then the entire
bilayer began to fold. However, when 6 exceeded 90°, the near end of the hinge toward the
light source started to block the light to the far end of the hinge, which is the so-called self-
shadowing effect.!>> 3] The blocked area underwent continuous cooling until the temperature
of the far end of the hinge decreased below the LCST, leading to reswelling until the blocked
area was re-exposed to light. As the light source was tilted 45° toward the ground, the entire
hinge could be exposed by the UV light. Thus, the bilayer structure could undergo complete
folding. To test the reversibility of self-folding deformation of hinge-based bilayer structures,
five bilayer structures with a hinge width of 5 mm were deformed through the light on-and-off
cycles in different directions. The samples exposed to 45° UV light could reach complete

folding at least until 5 cycles as samples exposed to 90° UV lights oscillated about 125° & 5.7°
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(Figure 5b). Therefore, changing the incident angle of light provides a simple means to control

0 using the same geometry of hinge-based bilayer structures with reproducible results.

2.5 Biomimetic demonstrations of the hydrogel actuators. By utilizing faster and
controllable actuation of the GO-PNIPAM/PNIPAM bilayer structures by UV light,
programmable and smart soft actuators were further designed and fabricated for biomimetic
demonstrations. We first demonstrated the selective light actuation in a hinge-based bilayer
structure which was prepared with a size of 25 mm x 5 mm with a thickness of 1mm at the as-
prepared state. Two hinges (i and ii) which had lateral widths of 5 mm, were located on opposite
surfaces (Figure 6a). After exposing 365 nm UV (intensity 1.1 W cm™) for 30 seconds, each
hinge can be selectively actuated by UV light and resulting in self-folding deformation. Hinge
i and ii showed 8 of 94° and 105°, respectively (Figure 6b). Folding angle result of hinge i
agrees with the folding kinetics of 30-second exposure in Figure 4b. However, hinge ii obtained
a larger 8 which was presumably due to the increasing intensity of UV as hinge i1 bent toward
the light source under the exposure. The hinge-based bilayer structures exhibited distinct
folding directions toward the hinge position. With this advantage, we can program complex

folding-based 3D shapes and motions with selective actuation.

Utilizing the selective actuation of hinges in the bilayer structure, we designed a
hydrogel walking actuator with two GO-PNIPAM hinges (i and ii) located on the opposite
surfaces of the PNIPAM matrix inspired by an inchworm movement (Figure 6¢).°”) When the
hinge 1 was exposed to UV light, the sample folded upward, resulting in only two ends of the
bilayer supporting the walking actuator. When the light was turned off, the walking actuator
recovered back to its original state by flattening its body. Note that each light actuation process
is composed of 30-second UV on (deformation) and 30-second UV off (recovery). The
asymmetric design of the walking actuator determined the direction of movement by a friction

difference between the hinge ii-side end and the opposite end. During the light actuation process,

11
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the friction f, between the tip of the opposite end with no hinge and the glass substrate was
much smaller than the friction f;, between the PNIPAM surface underneath hinge ii and the
glass substrate, due to the larger contact area of a bent end with hinge ii (Figure 6d).>*IThis
process was repeatable and the hydrogel walking actuator could continuously move in a single
direction. The actual walking process of the hydrogel actuator was achieved when the light was
irradiating directly from the top of the hinge i (Figure 6e, Supplementary Movie 4). The walking
actuator moved forward 10 mm in two light on-off cycles. The average speed of movement is
5 mm per minute. Moreover, this walking process could also be adjusted by the direction of
light irradiation. When the direction of light was tilted 45° toward the ground, the light was not
able to cover the entire hinge i as the further side of the hinge i toward light was not illuminating
(Figure 6f). It resulted in a smaller 8 (~40°) compared with light irradiating from the top of the
hinge 1 (6 ~ 100°). Thus, the walking distance for the same design of the actuator was reduced

to 5 mm in two cycles compared to 90° tilted UV light irradiation.

Next, we designed a hydrogel steering actuator with two legs and three hinges (i, ii and
ii1) (Figure 7a) to achieve more complex locomotion. Similar to the hydrogel walking actuator,
hinge 1 was exposed by UV light for 30 s and recovered after turning off UV for 30 seconds
(Figure 7b). When UV was applied to the exposure area, the leg with hinge 1 was deformed,
generating friction f between the bottom surface of the leg with hinge i and the glass substrate.
However, f was not in the central axis of the actuator due to the asymmetric deformation of the
actuator. Therefore, the steering motion resulted from the mismatch between the friction

(5% thus generating torque to the actuator. Figure 7c shows the

direction and central axis,
continuous steering motion by exposing UV to hinge i: From repetition 0 (initial state) to

repetition 3 (third UV on-and-off cycle), the hydrogel steering actuator turned about 45°

clockwise, indicating a continuous movement (Supplementary Movie 5). These results

12



WILEY-VCH

demonstrate the smart locomotion actuator can be designed and easily controlled by selective

light irradiation.

3. Conclusion

In summary, we have reported a single-hydrogel-based bilayer actuator with self-folding and
locomotion by fabricating hinge-based GO-PNIPAM/PNIPAM bilayer structures. Herein the
GO serves as both a photothermal additive and a physical crosslinker to change the
responsiveness and microstructure of PNIPAM hydrogels, respectively. Due to the skin layer
effect difference between the GO-PNIPAM hinge and the PNIPAM matrix, the hinge-based
bilayer structures created anisotropic volume changes under temperature change and light
exposure. When the temperature raised above the LCST of the PNIPAM, the GO-PNIPAM
hinges shrunk much more than the PNIPAM matrix, which induced reversible out-of-plane
deformation (i.e., self-folding) of hinge-based bilayer structures. Due to the photothermal effect
of GO, UV light can also trigger the internal temperature increase of patterned GO-PNIPAM
composite hydrogels. The degree of folding of the bilayer structures could be controlled by
varying hinge widths under temperature change and light exposure, and the angle of incident
light while photothermal-driven actuation. The type of stimuli could significantly change the
kinetics of shape deformation, where light exposure could accelerate folding kinetics 20 times
faster than temperature change due to a faster water diffusion rate. We have also demonstrated
that the folding direction was determined by the position of the hinge. The selective light
exposure allows the spatial and temporal control of self-folding thus programmable locomotion,
such as walking and steering motion. We anticipate the single-hydrogel-based stimuli-
responsive actuators with programmable reversible self-folding behaviors and locomotion, can
provide inspiration for potential applications in stimuli-responsive actuators, biomedical
devices, and biomimetic systems.

13
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Experimental section

Materials: N-isopropylacrylamide (NIPAM, stabilized with 4-methoxyphenol) was
purchased from Tokyo Chemical Industry (TCI) America. Aqueous graphene oxide (GO, 6.2
mg mL!, flake size: 0.5-5 um) was obtained from Graphene Supermarket (Calverton, NY,
USA). N,N'-methylenebisacrylamide (BIS), N,N,N',N'-tetramethylethylenediamine (TEMED),
and ammonium persulfate (APS) were all obtained from Sigma-Aldrich (St Louis, MO, USA).
All chemicals were used as received without further purification. Water used throughout

experiments was purified by a Millipore purification system (MilliporeSigma, MA, USA).

Preparation of pre-gel solutions. Pre-gel solutions (8.5 mL) were prepared by mixing
NIPAM, BIS, aqueous GO, and water with a vortex mixer (Dlab Mx-S) at room temperature
until all solids were dissolved. GO-NIPAM pre-gel solution contained GO (21.25 mg, 3.43 mL)
as photothermal additives, NIPAM (839 mg, 872 mM) as a monomer and BIS (11 mg, 9 mM)
as a chemical crosslinker. NIPAM pre-gel solution was prepared with identical chemical
composition to GO-NIPAM pre-gel solution except for the GO additives. For each pre-gel
solution, a continuous nitrogen flow was pumped into the batch container for 4 minutes to
remove oxygen which would hinder free radical polymerization.!®” Then, the solution container
was sealed and transferred into a larger container. A continuous nitrogen flow was pumped into
the larger container for 30 seconds to remove oxygen again. Next, both containers were
transferred into a sealed glove box fulfilled with nitrogen. The pre-gel solution was left standing

for 30 minutes before polymerization.

Preparation of hinge-based bilayer structures. The preparation of hinge-based bilayer
structures is schematically illustrated in Figure la. To prepare hinge-based GO-
PNIPAM/PNIPAM bilayer structures, firstly 15 pnL. TEMED as an accelerator and 50 pL
aqueous APS (10 wt%) as an initiator were loaded into GO-NIPAM pre-gel solution to initiate

14
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free radical polymerization. The resulting pre-gel solution was then injected into a mold which
was made with two clean glass slides (75 mm x 25 mm) separated by Kapton film spacers for
0.3 mm. GO-PNIPAM composite hydrogel was partially polymerized at 23 °C for 15 minutes.
At this stage, the batch solution was solidified but the polymerization was still ongoing. Next,
the top cover slide was removed, 0.3 mm spacers were replaced by 1 mm Kapton film spacers,
and then the cover slide was re-applied. Following that 15 uL TEMED and 50 uL aqueous APS
(10 wt%) were loaded into NIPAM pre-gel solution to initiate free radical polymerization. The
resulting NIPAM pre-gel solution was injected into the mold to fully immerse GO-PNIPAM
composite hydrogel. The polymerization was carried in the glove box fulfilled with nitrogen
for 3.5 hours. After polymerization, the glass slides and spacers were removed, then the hinge-
based bilayer structures were cut to the designated shape and immersed in water for 72 hours
to swell. For the first three-hour immersion, water was replaced every hour to remove all
unreacted chemicals. Single GO-PNIPAM and PNIPAM hydrogel sheets were prepared

separately under the same conditions for characterizing their properties, respectively.

Swelling and deswelling behaviors of single GO-PNIPAM and PNIPAM sheets. To
characterize the swelling/deswelling behaviors of single PNIPAM and GO-PNIPAM sheets,
five samples of each composition were biopsy-punched into thin disks with 5 mm diameter and,
0.3 mm and 0.7 mm thickness in the as-prepared state, respectively. The samples were kept in
the water at 23 °C for 72 hours to swell. Subsequently, samples were transferred into the water
at 38 °C for 1 hour to deswell since the initial deswelling at 1 hour was more predominant in
our previous work.** The sizes of samples at different states were recorded by an optical

microscope (Keyence VHX).

Characterization of the mechanical properties of GO-PNIPAM and PNIPAM sheets.
The mechanical properties are characterized by the tensile test. PNIPAM and GO-PNIPAM

composite hydrogels (thickness of 1 mm at as-prepared state) were fully swelled in water at
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room temperature (23 °C) for 72 hours and cut to 25 mm x 8 mm by punch cutter, respectively.
Then the hydrogel sheet was loaded to a tensile instrument (Instron, Bluehill, MA, USA) with
a 100 N load cell. The strech rate was set to 10 mm per minute. The tensile stress was defined
as the force applied to the deformed hydrogel divided by the real-time characteristic cross-
sectional area of the deformed hydrogel. The Young’s modulus (E) of the hydrogel at a certain
tensile strain was calculated by the slope of the stress—strain curve at the breaking point.
Self-folding and locomotion of hinge-based GO-PNIPAM/PNIPAM bilayer structures.
Hinge-based GO-PNIPAM/PNIPAM bilayer structures with different widths of GO-PNIPAM
hinges were cut as length, width, and thickness were 25, 5, and 1 mm in the as-prepared state,
respectively. To investigate the folding deformation by temperature change, fully swelled
hydrogel bilayer structures were immersed in 38 °C water for 1 hour. To investigate the folding
deformation and locomotion under light exposure, an ultraviolet (UV) system (Omnicure S2000,
wavelength: 365 nm, Lumen Dynamics, ON, Canada) with a tunable output power (0-40 W)
was used as the light source throughout the experiments. The exposed light toward the hinge
was at 45 °© or 90° tilted to the ground. The UV intensity was fixed at 1.1 W cm™. The light spot
had a diameter of 2 cm which was greater than the entire hinge size to ensure the coverage of
the GO-PNIPAM hydrogel hinge. Single-hydrogel-based bilayer actuators were immersed in
23 °C water through light exposure. The spacing between the light source and sample was fixed

at 10 cm. The folding angle 8 was measured by ImageJ software.

Microstructure characterization of hinge-based GO-PNIPAM/PNIPAM bilayer
structures. The microstructures of freeze-dried hinge-based bilayer structures were
characterized by scanning electron microscopy (SEM) (FEI Quanta FEG 250). To prepare
freeze-dried swelled samples, the bilayer structures were first immersed in water at 23 °C for
at least 72 hours to allow them to reach the fully swelled state. To prepare freeze-dried

deswelled samples, the bilayer structures were immersed in water at 38 °C for at least 1 hour to
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allow them to reach the fully deswelled state. Next, these samples were rapidly frozen in liquid
nitrogen for 10 minutes. The frozen samples were dried by a freeze dryer (Labconco FreeZone)
at - 80 °C for 72 hours. The freeze-dried samples were coated with iridium before SEM imaging

to prevent the charging of specimens.

Statistical Analysis. All data were expressed as mean + standard deviation. A minimum
of five tests were performed for swelling ratio measurement, tensile test, reversibility test and

folding angle measurement to ensure that reported results were significant.
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Figure 1. (a) The schematic illustrations of a layer-by-layer fabrication method of a hinge-
based bilayer structure through free radical polymerization. (b) The schematic illustrations of
the adhesion mechanism of the hinge-based bilayer structure correspond to each step of the
fabrication method in (a). (a, 1 and b, 1) Injection of GO-PNIPAM pregel solution, (a, ii and b,
i1) partial curing of GO-PNIPAM hinge, (a, iii and b, iii) injection of PNIPAM pregel solution,

(a, iv and b, 1v) complete curing of both layers.
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Figure 2. Schematic illustration of the self-folding mechanism of the hinge-based bilayer
actuators with hinge width w by temperature change and light exposure at (a, 1) swelled and (b,
1) deswelled states. Young’s modulus, actuation strain, thickness of the GO-PNIPAM hinge and
the PNIPAM matrix are represented by E;, &;, hg and Ep, €p, hp, respectively. Schematic
illustration of the internal structures of (a, ii and b, i) PNIPAM layer and (a, iii and b, iii) GO-
PNIPAM layer. SEM images of the top view of the interface between freeze-dried GO-PNIPAM
hinge and PNIPAM matrix at (c) swelled and (d) deswelled states. SEM images of the cross-

sectional view of freeze-dried (¢) PNIPAM layer and (f) GO-PNIPAM layer at deswelled state.
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Figure 3. Sample deforms to a folding angle 8 due to anisotropic deswelling between the GO-
PNIPAM hinge and the PNIPAM matrix in response to (a) temperature and (b) light actuation.
Measured (dots) and predicted (dash line) 6 are as a function of the hinge width. The predicted
result corresponds to the modified Timoshenko’s bimorph model. The error bars capture the
first standard deviation with a minimum of 5 samples of each hinge width with all other
variables held in constant. Inserted images are folded samples with different hinge widths. The
red dotted lines in the inset images were used to indicate the contour of the bilayer structure.

Scale bar is 5 mm.
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Figure 4. Kinetics of bilayer structure by (a) temperature and (b) light actuation. The hinge size

is 5 mm, 5 mm, and 0.3 mm in width, length, and thickness, respectively. Matrix size is 25 mm,

Smm, and 1 mm in width, length, and thickness, respectively. Both sizes are measured at the

as-prepared state. For temperature actuation, the hydrogel was immersed in water at 38 °C. For

light actuation, 1.1 W cm™ 365nm UV was used. Scale bar is 5 mm.
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Figure 5. (a) Bilayer structures folded after exposure of 90° and 45° tilted light. (b)
Reversibility of folded bilayer structure by different light directions. The hinge width was 5
mm. The intensity of UV light was kept as 1.1 W ¢cm™ throughout the entire experiment. The

red dotted lines were used to indicate the contour of the bilayer structure. The inserted images

are schematics of light direction.
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Figure 6. Biomimetic soft walking actuator. (a) Selective actuation of hinges in the hinge-based

bilayer structure with two hinges (i and ii) located on the opposite surface of bilayer structure;
(b) selective actuation of each hinge which leads to opposite folding direction. (c) Design of
soft walking actuator; (d) the schematic diagram of the soft walking actuator; the movement

process of the soft walking actuator under (e) 90° and (f) 45 © tilted UV light irradiation.
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Figure 7. Biomimetic soft steering actuator. (a) design of soft steering actuator with three
hinges (i, ii and iii) and selective actuating hinge i by UV exposure at 1.1 W/cm?; (b) optical
images of the side view of steering actuator when UV source was turned on and off; (c) the
steering process of the soft actuator under interval UV light on a grid background. Each grid
has a length of 10 mm. The red dotted lines in (a) were used to indicate the contour of the hinge-
based bilayer structure. The black dotted line in (c) indicates the original position of geometric

symmetry through repetition 0 to 3.
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The hinge-based bilayer structures consisting of multi-stimuli-responsive hydrogel-based
hinges and a temperature-responsive hydrogel matrix can undergo self-folding upon heating
and light exposure. The folding angles and kinetics of the bilayer structure are controlled by the
geometry of the hinge and different external stimuli, respectively. Furthermore, this single-
hydrogel-based bilayer structure demonstrates walking and steering locomotion as autonomous

actuators and soft robots.

Programmable Dual-responsive Actuation of Single-hydrogel-based Bilayer Actuators by

Photothermal and Skin Layer Effects with Graphene Oxides
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